Movements, ranging behavior, and social organization of the ricefield rat (Rattus argentiventer) were studied by radiotracking in a rice field in West Java, Indonesia. Home ranges were estimated by the minimum convex polygon method and were found to be significantly larger in the nonbreeding season than in the breeding season. During the breeding season, males had larger home ranges than did females (3.20-3.24 ha, as compared to 2.51-2.34 ha), but no sexual differences were found in the nonbreeding season. Overlap between home ranges occurred during the breeding season, especially for males. During the nonbreeding season, rats appeared to be nomadic, and nests seemed to be distributed at random within ranges. Males and females were never found to share nests during the nonbreeding season. Habitat use was investigated by recording percentage occupancy of the following habitat elements: rice paddies, banks, and vegetation. Totals of 63% and 60% of radiofixes were made in paddies during the rainy and dry seasons, respectively. Paddies were probably used for feeding, nest construction, and protection from predation.
Damage to rice plants by rats is the greatest agricultural problem in Indonesia (Geddes 1992) , where the ricefield rat (Rattus argentiventer) has been ranked as the most important nonweed pest since 1986 (Anonymous 2000; Murakami et al. 1990; Partoatmodjo 1980) . At least 5-15% of the global rice crop is lost annually to rodents (Singleton and Petch 1994) . In Southeast Asia, the impact of rodents is highest in Indonesia, where approximately 17% of riceproduction losses are attributable to the ricefield rat (Geddes 1992) . From 1982 to early 2000, an average of 20% of the rice crop was lost annually to this species (Anonymous 2000) . Current approaches for controlling this pest include poisoning * Correspondent: harsiwi@mac.com (Buckle et al. 1985; Lam 1983; Prakash 1988; Singleton 1997 ) and habitat manipulation (Singleton 1997) . To be most effective, these approaches require an understanding of movements, ranging behavior, and habitat use of this species in an agricultural context.
Movements of R. argentiventer were first studied in relation to transmission of the tickborne disease scrub typhus (Leptotrombidium-Harrison 1958) . As the importance of R. argentiventer as a pest became recognized, knowledge of movements of the species in rice fields has been improved, to develop effective control measures (Singleton and Petch 1994) . Several studies that used recapture of marked individuals (Sumangil 1965; Temme 1973 ; Van der Goot 1951) or outdoor enclosures (O. Murakami et al., in litt.) have estimated distances traveled, but few studies have examined movements, ranging behavior, or habitat use.
The aim of our study was to gain a better understanding of ranging behavior and habitat use of reproductively active rats in irrigated lowland rice fields in West Java. We tested the null hypotheses that home-range size would not differ between breeding and nonbreeding seasons, and that habitat use would not differ between males and females or between rainy and dry seasons.
MATERIALS AND METHODS
Study area.-This study was conducted in an irrigated rice agroecosystem in Jatisari, West Java, Indonesia (6Њ38ЈS, 107Њ51ЈE), that included 48.35 ha of rice fields. Fieldwork was carried out during the rainy-season months of JanuaryApril 2000 and the dry-season months of JuneSeptember 2000. The main habitat types available were flood-irrigated rice paddies and surrounding land that consisted of irrigation supply channels, roads, and creeks. Habitat use for each rat was determined by examining the proportion of fixes in each habitat type within the home range of each rat. We identified 3 main habitat types: paddy (within the rice-growing area, including a dike or small bank 350 mm wide and 350 mm high, consisting of grasses and piles of straw); bank (raised earth Ͼ450 mm wide that surrounded the paddy and was never inundated with water); and vegetation (forbs, banana trees, and coconut trees).
Rattus argentiventer in the study area has an annual reproductive cycle. Breeding occurs primarily from the early booting stage of rice (6-17 February in the rainy season and 5-16 July in the dry season) through the late harvesting stage (2 weeks after harvesting begins, that is, at the end of April in the rainy season and the end of August in the dry season), and ends approximately 4 weeks after the final rice harvest (Tristiani 1999 ). An assessment of population density was required before radiotracking. Therefore, we conducted a capture-mark-recapture study in a 7.0-ha portion of the study area by following Tristiani et al. (1998) . From this study, we estimated a population density of 10-341 rats/ha (Wood 1984) .
Radiotracking techniques.-During the rainy season of 2000 (January-April), 12 mature rats (6 males with scrotal testes and 6 lactating females) and 12 adults that were not in reproductive condition (6 males with ascended testes and 6 nonlactating, nonpregnant females) were selected as subjects. During the dry season, the same numbers of rats were selected for radiotracking. Rats were all in good overall condition, with no overt signs of injury or disease. Rats were trapped and anesthetized. At the onset of deep anesthesia, animals were removed from holding bags and fitted with a miniature radiotransmitter collar weighing 2-3 g. Transmitters were attached to the back of the neck by crimping 2 pieces of thin-gauge wire that protruded from each side of the transmitter. Care was taken not to attach the wire collars too loosely or too tightly; we had practiced this operation in the laboratory before beginning fieldwork. We used SM1 mouse-style transmitters (AVM Instruments Co., Custom Electronics of Urbana, Inc., West Urbana, Illinois). Each produced a distinct frequency between 150.041 and 151.107 MHz. Transmitters were outfitted with SR626SW hearing-aid batteries (Matsushita Battery Co. Ltd., Osaka, Japan), which lasted for 28-30 days, and the transmitter and batteries were dipped twice into melted Elvax paraffin (DuPont, Wilmington, Deleware) to waterproof the package. The total weight of a transmitter package was 1.9-2.1 g (2.0 g Ϯ 0.14 SE), depending on battery size. We used a Yaesu MK-II receiver (Yaesu Musen Co. Ltd., Sapporo, Japan) in conjunction with a 3-element handheld Yagi aerial antenna (Nishida Company, Sapporo, Japan). The path of increasing signal strength was followed on foot to within about 5 m of the rat, when efficient triangulation became possible. Accurate triangulation from afar was impossible, because of rapid and frequent modulation of signal strength due to the changing orientation of the radiocollar with respect to the receiver whenever the rat moved its head. No attempt was made to approach the rat closer than necessary to determine its position to within 2 m, to avoid excessive disturbance.
Each study period lasted 5 days. Rats were tracked each night for 5 nights, beginning at about 1800 h and ending at 0600 h, and once during the day between 1200 and 1400 h. Ranging behavior was measured during 5 study periods between January and April 2000, and during 5 periods between June and September 2000. Radiotagged rats were located every 60 min, a time interval judged sufficiently short to estimate movements of each rat but long enough to prevent undue disturbance. Thus, animals were disturbed for a maximum of 2 min every 60 min. Radiotracking was carried out intensively during either the 1st or 2nd half of the night for 4 consecutive nights from 14 to 18 March 2000 (rainy season) and 13 to 18 August 2000 (dry season). Approximately 8 fixes were obtained for each rat during each session. Daytime locations of the rats were determined on 24 occasions from February to April 2000 and on 26 occasions from July to September 2000.
Radiotracking data were analyzed by using the software program MapInfo (MapInfo Professional Version 5.0., MapInfo Corp., Windsor, United Kingdom). Home-range sizes of rats were calculated by the minimum convex polygon method by using RANGE V software (Kenward and Hodder 1996) . We calculated mononuclear convex polygons covering 100% and 95% of observed points, and the kernel estimator for 100% and 95% of observed data (Worton 1989) . Home-range sizes estimated with these methods were compared by using Spearman's rank-correlation analysis; all were highly correlated (r s ϭ 0.82-1.00, n ϭ 124, all P Ͻ 0.001). Therefore, we used the simpler 95% convex polygon home ranges for subsequent analyses. A 2-way analysis of variance (ANOVA) was used to test for effects of sex (male compared to female) and season (rainy compared to dry) on home-range size (95% polygon). We sampled different individuals in rainy and dry seasons.
Home-range overlap was calculated by using mononuclear 95% polygons, because these types of home ranges would show minimal overlap, compared with utilization distributions estimated by Kernel analysis. Overlap was calculated during the breeding and nonbreeding seasons for males and for females and is presented as percentage of overlapping ranges relative to the number of potential overlaps (Chambers et al. 2000) . Potential overlaps are the number of possible combinations of overlapping individuals (e.g., if 5 individuals were tracked, there were 20 potential overlaps). The degree of overlap was calculated as a percentage of the total homerange size for overlapping males or females during the breeding season.
To interpret daily range overlap, we need to know whether it differs significantly from random overlap. To generate a random pattern, each daily range was rotated a random number of degrees about its geometric center of activity (Hayne 1949; Madison 1980) . Degree of overlap for randomized data was then compared to overlap for both males and females for each 24-h session. Greater overlap in the observed data suggests social attraction; less overlap suggests social avoidance (Madison 1980) . To test whether nests were preferentially located close to range boundaries, the mean distance of 5 points positioned at random within each range to the nearest point on the boundary was measured for each tracked individual (Wolton 1985) .
Calculations of home-range size of individuals needs to be based on an adequate number of fixes (Harris et al. 1990 ). Fig. 1 shows estimates of home-range size for male and female R. argentiventer based on minimum convex polygon estimates, which produce smoother asymptotes than do other methods (Harris et al. 1990 ). Both sexes reached asymptotes between 30 and 50 fixes. The sharp increase in home-range size between 31 and 50 fixes is due to a gap of Ն15 days between successive tracking sessions, when ranges of several animals shifted in location (although probably not in size). This led to an artificially large estimate of home-range size based on all fixes. All home-range estimates were therefore made by using the first 30 fixes re-FIG. 2.-Box plot of mononuclear 95% minimum convex polygon home ranges for breeding male (n ϭ 12), breeding female (n ϭ 12), nonbreeding male (n ϭ 12), and nonbreeding female (n ϭ 12) Rattus argentiventer. Boxes enclose 25th and 75th percentiles; thick horizontal bars represent mean home-range size; vertical lines span 10th through 90th percentiles. corded for each animal during rainy and dry seasons.
RESULTS
Home-range size and spatial distribution of ranges.-In the 2-way ANOVA of sex and season, sex was highly significant (F ϭ 7.90, d.f. ϭ 1, 40, P Ͻ 0.001). Home ranges were significantly larger (Fig. 2) during the nonbreeding season (F ϭ 11.4, d.f. ϭ 1, 44, P ϭ 0.002). During the breeding season, home ranges of males were significantly larger than those of females (F ϭ 12.8, d.f. ϭ 1, 20, P ϭ 0.002); however, home-range size did not differ between males and females during the nonbreeding season (F ϭ 0.06, d.f. ϭ 1, 20, P ϭ 0.81; Fig. 2 ). Homerange size for males and females was 3.20 Ϯ 0.61 and 2.51 Ϯ 0.49 ha, respectively, during the dry season, and 3.24 Ϯ 0.58 and 2.34 Ϯ 0.51 ha, respectively, during the rainy season. Minimum convex polygon home-range size for nonbreeding males and females was 3.51 Ϯ 0.82 and 3.43 Ϯ 0.67 ha, respectively, during the dry season, and 3.47 Ϯ 0.46 and 3.42 Ϯ 0.61 ha, respectively, during the rainy season. No significant effect was found of season (F ϭ 0.06, d.f. ϭ 1, 40, P ϭ 0.81) or of interaction between sex and season (F ϭ 0.07, d.f. ϭ 1, 40, P ϭ 0.98).
Based on 307 potential overlaps, 21% of home ranges of males overlapped with those of other males during the breeding season; however, overlap was generally small (10-20% of home range). Based on 178 potential overlaps, 6% of females had overlapping home ranges during the breeding season. During the nonbreeding season, percentage of home-range overlap was only 8% between males and 3% between females, based on 103 and 32 potential overlaps, respectively.
Distribution of nests within ranges and nest occupancy.-All 158 nests found were subterranean and their positions appeared to be independent of vegetative cover. Thirtyseven percent of nests were Ͻ5 m from range boundaries of tracked individuals. The mean distance between range boundaries and nests was less than that between boundaries and random points in only 11 of 20 cases (sign test, P ϭ 0.41). Thus, no evidence was found that locations were anything but random-rats did not prefer either locations near the boundary or away from the boundary. The peripheral tendency suggested by the proximity of several nests to range boundaries reflects the fact that most ranges were irregular in shape, so many areas were distant from boundaries.
Only twice during the breeding season were 2 rats recorded together in the same nest: in 1 case, 2 males, in the other case, a male and a female. However, 6 separate observations of nest sharing were recorded during the nonbreeding season. All 6 rats known to share nests for 1 day or more were males.
Rat activity, behavior, and nightly movement patterns.-Rats were active from dusk until dawn, regardless of moon phase or weather, although they sometimes stopped moving during heavy rain. Rats were significantly more active before midnight than after (2-sample t-test, t ϭ 2.51, P ϭ 0.05, n ϭ 7), and peak activity occurred around 2200 h. During the breeding season, the mean speed of females was 1.54 Ϯ 0.41 m/ min before midnight and 0.78 Ϯ 0.38 m/ min after midnight. However, the mean speed of males before midnight (3.49 Ϯ 0.47 m/min) was 2.1 times faster than females before midnight but similar (0.81 Ϯ 0.37 m/min) to that of females after midnight.
Regardless of season, both males and females spent the whole night moving about their ranges; males rarely returned to their nests between dusk and dawn. During any given night, a rat could cover the greater part of its range, or it could stay within only a small part. Rats frequently returned to spend several hours in 1 small area on several nights in succession, but on other nights their paths showed no clear relation to that of the previous night.
Rats were often noisy, rustling the vegetation or vocalizing. Several untagged rats were known to be present in the study area, and they were sometimes observed near tagged rats. Although they had individual home ranges, rats were occasionally located together when they came to the same feeding place before midnight. Sometimes 2 collared males were located in the vicinity of a collared female; however, no evidence was found of long-term associations between individuals. On 1 occasion, a male was observed near a female, apparently chasing another male away. On 12 occasions, 2 individuals were captured in the same single-catch-type trap. With such traps, it is nearly impossible for 2 individuals to be caught in the same trap unless they enter simultaneously. The commonest observation was that of 1 rat following another.
Habitat use.-The percentage of fixes within each of the 3 habitat elements for the periods dawn to dusk, dusk to midnight, and midnight to dawn are shown in Table  1 . Regardless of time of day, most fixes were made in paddies (52.6-79.7% in the rainy season and 50.7-81.7% in the dry season). The 2nd most frequented habitat type was vegetation (15.9-47.4% in the rainy season and 16.7-49.2% in the dry season). During the day, most rats were found in paddies (64.5%), and during the breeding season, females preferred paddies and males preferred vegetation for nesting. 
DISCUSSION
Male R. argentiventer had significantly larger home ranges than females during the breeding season, but no differences between sexes were found during the nonbreeding season, regardless of weather. Similar results have been reported for other rodents (Buckle et al. 1997; Hooker and Innes 1995; Ribble and Stanley 1998; Wolton 1985) . Male maturity and intermale competition typically precede the seasonal availability of receptive females (Anderson 1989) . Madison (1980) and Wolton (1985) suggested that during the breeding season, males of Apodemus sylvaticus, similar to many other rodents, maximize chances of encountering estrous females by covering large areas.
Home-range size of R. argentiventer did not differ between sexes during the nonbreeding season. Aggressiveness in male rodents is directed primarily toward individuals that can compete for mating; thus, immature males may be tolerated whereas mature males may be attacked (Gipps 1984) . Male rodents are known to increase home-range size at the onset of breeding (Korn 1986; Madison 1985) . Ostfeld et al. (1985) reported that dispersal of sexually active male Microtus californicus was affected more strongly by competition for access to females than by competition for access to food.
Our study also suggests that males have large overlapping ranges during the breeding season, in contrast to females. These findings are consistent with the results of a previous study (Tristiani et al. 2000) of distribution of damage to rice plants. Furthermore, home ranges of males and females are mutually exclusive from the onset of pregnancy until the end of lactation (Tristiani et al. 2000) . These characteristics are widespread in Muridae during the breeding season (Dwyer 1978; Johns 1979; Madison 1980; Viitala 1977; Webster and Brooks 1981) . However, in some species, males and females have exclusive ranges (Jannett 1978 (Jannett , 1980 Viitala 1977) , and in Microtus xanthognathus, males have largely exclusive ranges, but ranges of females overlap extensively (Wolff 1980) . During the nonbreeding season, rats seem to be nomadic, and Randolph (1977) and Montgomery (1980) suggested that sexual segregation occurs then.
Our observations indicate that rats cover most of their home ranges during the 1st half of the night and use rice paddies irrespective of season. Males and females spent the whole night moving around their ranges, and males rarely returned to their nests between dusk and dawn. Similar patterns occur in the wood mouse A. sylvaticus (Wolton 1985) . During the breeding season, female rats apparently prefer to stay in paddies during the day, possibly because of nutritional requirements for mating, access to males, competition for nesting sites, or aggressive interactions with other rats; use of paddies and vegetation during the day also offers protection from predators.
Predators of R. argentiventer in rice agroecosystems of West Java have not been studied, but snakes, particularly cobras (Naja), are probably the most important. Murakami et al. (1990) often caught snakes in their traps, and a southern Indonesian spitting cobra (N. sputatrix) ate one of the radiocollared rats of this study. Tobin et al. (1996) suggested that the dense canopy of macadamia nut trees (Macadamia integrifolia), coupled with the arboreal habits of black rats (Rattus rattus) probably reduced their chance of exposure to a number of potential predators including mongoose (Herpestes javanicus), barn owl (Tyto alba), and domestic cat (Felis catus).
In our study, males and females were never found to share nests during the nonbreeding season. It is thus possible that they maintain exclusive ranges at this time of year. Wolton (1985) suggested that, because female A. sylvaticus share nests during the nonbreeding season, they do not maintain exclusive ranges then.
The tendency for nests to be located randomly with respect to home-range boundaries and major activity centers suggests that nest sites are chosen independently of foraging considerations. Rats may prefer to use whatever burrow systems are available at the time of home-range acquisition, rather than excavate their own burrows at sites optimally located for foraging. Wolton (1985) suggested that many rodents that do not return frequently to their nests to consume or store food may have nests positioned at random within their ranges or may prefer peripheral rather than central locations. Nass (1977) reported no significant difference between center and edges in location of 48% of 105 burrows of Rattus exulans.
This study contributes to knowledge of factors that regulate or limit field populations and mechanisms that lead to population outbreaks, information that will help to improve rat-control practices and to make them cheaper and less reliant on rodenticide. In Indonesia, rats are particularly a problem for small land holders. The patchy nature of rat depredation on crops means that, if affected, a small land holder is likely to lose much of his or her crop. In the tropics, most single farmers have 1-2 ha or less (Singleton and Petch 1994) , on average approximately 0.5 ha, and they carry out rat control individually on their own land. Ricefield rats have larger home ranges (3 ha on average), so cooperative control of areas of at least this size is recommended. Rats are highly likely to find traps or bait stations anywhere inside their ranges, especially if they are lured. Traps, poison bait or stations, and population monitoring devices such as tracking tunnels, all can be established effectively on the ground or on small banks, where rats often pass despite spending most of their time in paddies. In determining where and how far apart poison bait should be placed, and in developing better farm-management practices, we suggest that a further radiotelemetry study at a similar stage of ricefield rat population dymanics would be beneficial, to test the generality of our results and effectiveness of poisoning.
